The objective of this study was to measure the collagen fiber structure and estimate the material properties of 7 human donor scleras, from age 53 to 91. The specimens were subjected to inflation testing, and the full-field displacement maps were measured by digital image correlation. After testing, the collagen fiber structure was mapped using wideangle X-ray scattering. A specimen-specific inverse finite element method was applied to calculate the material properties of the collagen fibers and interfiber matrix by minimizing the difference between the experimental displacements and model predictions. Age effects on the fiber structure and material properties were estimated using multivariate models accounting for spatial autocorrelation. Older age was associated with a larger matrix stiffness (p ¼ 0.001), a lower degree of fiber alignment in the peripapillary sclera (p ¼ 0.01), and a lower mechanical anisotropy in the peripapillary sclera (p ¼ 0.03).
Introduction
The sclera, which constitutes more than 80% of the eye-wall, is the white outer shell and principal load-bearing tissue of the eye. The stiffness of the sclera stems from its dense collagenous structure. The collagen fibers, mainly type I (90%) and type III ( 5%) [1, 2] , are embedded in a hydrated matrix of proteoglycans. They aggregate parallel to each other to form 50 lm thick lamellae superimposed in the scleral plane [3] . The microstructural characterization of the human sclera was first studied by Kokott [4] , who used histological scleral sections to measure the preferred orientations of collagen lamellae. Since then, different microscopy methods have been applied to scleral tissue to obtain qualitative insight into collagen structure at various length scales [5] . Electron microscopy and atomic force microscopy have been used to characterize single collagen fibril and measure fibril D-period ($67 nm) and inclination angle ($5 deg) [6] . Collection of fibrils within lamellae have been imaged by transmission electron microscopy [3, 7] . These studies showed that scleral lamellae are made of collagen fibrils of various diameters, and that spacing between collagen fibrils is irregular. Winkler et al. [8] measured collagen lamellar orientations within and around the optic nerve head (ONH) using second harmonic generation multiphoton microscopy. More recently, techniques have been developed to gain quantitative measures of bulk scleral fiber orientation and distribution, including small-angle light scattering (SALS) [9] [10] [11] and wide-angle X-ray scattering (WAXS) [12, 13] .
The mechanical behavior of scleral tissue at a given point is determined by the mechanical behavior of the lamellae and their orientation distribution [14] . The mechanical behavior of a single lamella is strongly anisotropic and is characterized by the high tensile stiffness of the fibers and the comparatively low stiffness of the interfiber matrix. The term matrix in this study refers to the components of the scleral stroma other than the fibrillar collagens; those are mainly proteoglycans, elastin fibers, cells, and nonfibrillar collagens. It is thought that the collagen fibers (lamellae) are wavy in the matrix at low load [3] . They progressively straighten under external load, which causes the stress-strain response of the lamella to exhibit a nonlinear, strain-stiffening behavior. The stiffness of a collagen fiber is controlled by several factors, including the fiber diameter and the density of intrafibrillar cross-links. The matrix proteoglycans bind to the collagen fibers via their core proteins, predominantly decorin (74%) and biglycan (20%) [15] .
Their glycosaminoglycan (GAGs) side chains have been shown to form bridges between adjacent collagen fibers [16] . The GAGs, which are highly negatively charged, retain water and contribute to the incompressibility of scleral tissue. Changes to the extracellular composition or to the lamella distribution are potential causes for change in scleral mechanical properties.
There is substantial evidence that the structure and composition of the sclera are altered with aging. Scleral thickness was found to decrease with age [17, 18] . In the matrix, the content of decorin and biglycan decreases in all regions after age 40 [15] and the number of elastin fibers decreases after the second decade [1] . The geometry of the collagen fibers changes with advanced age. Malik et al. [19] showed an increase in cross-sectional area of the scleral collagen molecule with aging, which was associated with an increase in glycation of scleral tissue [2, 19] . Age-related accumulation of nonenzymatic cross-links has been reported in various tissues [20] and has commonly been associated with a stiffening of the tissue. Increased mechanical stiffness was measured in the aging human [18, 21, 22] , monkey [17] , and mouse [23] sclera. More recently, Fazio et al. [24, 25] showed that the strains in the peripapillary sclera were significantly lower in older human specimens. Few studies have measured the effect of age on the anisotropy and degree of fiber alignment of the scleral collagen structure. A study by Yan et al. [9] used light scattering to compare the percentage occurrence of equatorially and meridionally aligned scleral collagen fibril bundles across three age groups ( 30, , !60 yr) in human cadaveric eyes. They did not find significant age-related variations. Using similar methods, Danford et al. [10] confirmed that age was not a significant factor in governing posterior scleral microstructure. Inverse finite element analysis (IFEA) of the inflation behavior of the posterior monkey sclera also did not report significant differences in preferential scleral collagen orientations between young ($1.5 yr) and old ($23 yr) animals [17] .
Age-related variations in mechanical properties of the sclera have important clinical implications in glaucoma, the second leading cause of blindness worldwide [26] . Glaucoma is an ocular disease that causes damage to the ONH, region of the posterior sclera through which the retinal ganglion cell axons exit the eye and converge to form the optic nerve. It has been hypothesized that, in glaucoma, excessive deformation of the connective tissue of the ONH impairs the normal function of the axons, eventually leading to vision loss [27] [28] [29] [30] . Population-based studies have demonstrated that both the incidence and prevalence of glaucoma increase with age [31] [32] [33] and older glaucoma patients are more likely to have had the disease for a longer period than younger ones [34] . Recent modeling efforts have shown that scleral stiffness [35, 36] , thickness [37] , and collagen structure [14] significantly influence the response of the ONH tissues to change in intraocular pressure (IOP). Age-related changes in the material properties and/or fiber anisotropy of the sclera may contribute to the increased susceptibility of the older eye to glaucomatous damage [38] .
Alterations to the collagen microstructure and mechanical properties of the sclera may also influence the development of myopia. It is unknown whether scleral collagen fiber orientation is affected in myopia. However, there is evidence from both human and animal myopia studies that the scleral extracellular matrix remodels during myopic eye growth [39, 40] . Myopic eyes have also been associated with abnormal mechanical behavior such as increased compliance and increased creep rates [39] . To investigate the role of scleral mechanics in the development of myopia, it is important to determine the mechanical behavior and microstructure of the sclera at different ages.
In this study, we estimate the effects of age on the collagen fiber structure and material properties of the matrix and the collagen fibers of the human sclera. Seven intact donor scleras of age ranging between 53 and 91 were subjected to inflation testing [18] . Full-field displacements of the scleral surface calculated with digital image correlation (DIC) were recorded during pressure elevation. After testing, WAXS was used to map the preferred orientations and degree of alignment of the collagen fibers of each sclera [12] . We developed an eye-specific inverse finite element method to calculate the material properties of the sclera [14] . Given the displacement maps from the inflation test and the collagen fiber structure maps from the WAXS experiments, this method determines the material properties of the matrix and collagen fibers. The constitutive model for the sclera was formulated to incorporate the WAXS-measured orientation and distribution of collagen fibers. We evaluated the effects of age on the degree of fiber alignment in the peripapillary sclera and material properties of the sclera, i.e., matrix and fiber stiffness. The mechanical properties of the sclera at one point in time reflect the original properties and the cumulative remodeling effects of age. Remodeling of scleral tissue may have important implications for the susceptibility and progression of glaucoma and myopia. (Table 1) . Donors with a clinical diagnosis of glaucoma and diabetes were excluded. Information about the degree of refractive error was not available for the scleras used in this study. Our experimental protocol to measure the inflation response of the posterior sclera has been described in previous reports [18, 41] . In brief, the posterior scleras were excised 3 mm posterior to the equator, firmly glued on a plastic ring fixture using cyanoacrylate, speckled with graphite powder for DIC, and inflated through a series of pressurecontrolled load-unload tests within 72 hr postmortem. Each eye was pressurized three times from 1.5 mm Hg to 30 mm Hg at a rate of 1 mm Hg/s, with a 15 min resting period between each cycle. The pressure in the chamber was adjusted through active feedback control of an automated injection system. During inflation, the deforming scleral surface was imaged by two cameras every 2 s. A stereoscopic DIC system (Vic3D, Correlated Solutions, Inc., Columbia, SC) with a 10 lm uncertainty in the out-ofplane displacement [18, 42] was used to measured the 3D displacement field of the scleral surface. This estimation of the uncertainty was comparable to the measurements by Ke et al. [43] (between 10 and 20 lm at 20 deg stereo angle) and Fazzini et al. [44] (rootmean-square error between 5 and 20 lm at 20 deg stereo angle). Scleral thickness was measured at 16 locations with an ultrasonic pachymeter at 15 mm Hg prior to the inflation measurements. Axial length was measured with a digital caliper in repeats of three (Table  1) . In a previous publication [18] , we calculated the strain field directly from the DIC-measured displacements. In this study, we fit the experimentally measured displacement fields to a constitutive model to calculate the material properties of the 7 specimens.
Quantitative Mapping of Collagen Fiber Orientation.
After mechanical testing, the specimens were preserved in a 4% paraformaldehyde (PFA) solution until the time of X-ray measurements. Studies have showed that fixation of the tissue in PFA does not lead to significant alterations to the corneo-scleral collagen fiber architecture, as measured by WAXS [45, 46] . A 15 mm circular specimen, centered on the ONH, was excised from each intact posterior sclera. WAXS was used to measure the distribution of fiber orientations at 0.5 mm intervals across the entire specimen following the methods fully described in Pijanka et al. [12] . The focused X-ray beam had a wavelength of 0.09795 nm and horizontal/vertical dimensions of 0.2 mm. The WAXS pattern from scleral tissue is dominated by a well-resolved equatorial (i.e., perpendicular to the fiber axis) reflection from the regular 1.6 nm spacing of the constituent collagen molecules aligned near axially within the scleral fibers (Fig. 1) . Analyses of the WAXS patterns provide quantitative measurements of the averaged throughthickness collagen fiber orientation of the intact sclera. The collagen structure at one point of the sclera is described by the statistical distribution of collagen fibers D, which is defined as the normalized scatter intensity:
where I is the total WAXS scatter, measured by increments of 1.4 deg in U. As defined, D(U)dU represents the number fraction of collagen fibers oriented between the angle U and U þ dU. The degree of fiber alignment was calculated for every sampled point in the sclera by dividing the integral of the aligned scatter distribution by the corresponding integral of the total scatter, yielding a single value representing the proportion of fibers preferentially aligned at that point in the tissue (Fig. 1 ).
Finite Element
Model. The 3D positions of the scleral surface points were reconstructed using stereoscopic DIC at the baseline pressure of 1.5 mm Hg. This information was combined with the thickness data to create a specimen-specific mesh of the posterior sclera as described in Coudrillier et al. [14] (Fig. 2) . In the present study, the geometry included the scleral regions where WAXS patterns were collected, i.e., the entire peripapillary sclera and parts of the midposterior sclera. The ONH was not included in the model; the DIC-measured surface information in this region was not sufficient to reconstruct the accurate geometry of the different tissues of the ONH. The creation of the thickness profile in the peripapillary sclera was detailed in Coudrillier et al. [14] , and was based on the observations gathered from different imaging techniques [47] [48] [49] . These studies evidenced a rapid thinning of the sclera from the outer peripapillary sclera to the scleral canal. In our model, the thickness at the scleral canal was 0.4 mm [50] . These assumptions were used to create a generic model of the peripapillary sclera that was identical for every specimen [14] ( Fig. 2(b) ). We used the 16 pachymeter measurements to generate the map of the thickness profile of the region extending from the outer peripapillary sclera to the midposterior sclera. Girard et al. Fig. 1 Angular X-ray scatter intensity profile for a WAXS measurement. The total scatter may be separated into that arising from isotropically arranged collagen fibers (shaded region) and that arising from preferentially oriented fibers (hatched region). The degree of fiber alignment was computed as the ratio of the aligned scatter to the total scatter. Fig. 2 (a) Top view of the surface layer of the finite element (FE) mesh used for the IFEA, showing the nodes at which DIC-measured displacements were applied as kinematic boundary conditions. The outer line represents the location of the most peripheral pixels of the sclera detected by the DIC software. The dashed circle is the border between the generic and specimen-specific mesh. (b) Schematic of the transverse view of the finite element mesh showing the thickness profile in the generic model of the peripapillary sclera. The LC and the remant tissues were not included in the FE model but are represented for clarity. In the inverse analysis, we assumed that the displacements on the surface of the generic peripapillary model were identical to the DIC-measured displacements on the surface of the remnant tissues. The geometry was discretized using mixed Q1P0 trilinear hexahedral elements, with three elements spanning the thickness. The mesh had 40 nodes in the meridional direction and 28 nodes in the circumferential direction. The node density was larger toward the LC to capture the stress concentration due to the compliant tissue of the ONH.
[51] and Grytz et al. [52] used a slightly larger number of thickness measurements (20) but constructed a finite element mesh of the entire posterior sclera. Our model only included scleral regions located within a radial distance of 7.5 mm from the ONH center. We applied the DIC-measured displacements as kinematic boundary conditions to the nodes of the edges of the mesh, i.e., the nodes of the scleral canal, and of the outer midposterior sclera ( Fig. 2(b) ). By doing so, we did not have to approximate or fit the stiffness of the LC or assume boundary conditions and geometry of the sclera at the holder, which was not in the field of view of the DIC measurements. The idea of restricting the domain of the finite element model in inverse methods was originally presented by Seshaiyer and Humphrey [53] and recently revisited by Raghupathy and Barocas [54] . This method can be applied to calculate material properties of biological tissues with complex geometry or boundary conditions such as the posterior segment of the eye.
The collagen fiber anisotropy was described at each element of the mesh from the colocalized WAXS measurements [14] . The fiber structure was represented by a vector indicating the preferred collagen fiber orientation in the scleral plane and the normalized WAXS intensity D (Eq. (1)), describing the orientation distribution of collagen fibers along the preferred orientation.
Inverse Finite Element
Method for Parameter Determination. An inverse finite element method was developed to answer the following question: Given the DIC-measured displacement fields of the scleral surface, u E (X), and the WAXSmeasured fiber structure, D(U, X), what are the values of the matrix stiffness and collagen fiber stiffness? This question was formulated as a minimization problem of a cost function C, which was defined as the difference between the finite element predictions and experimental measurements
where n steps is the number of pressure steps during the loading phase, n nodes is the number of nodes of the outer surface of the mesh, w n are nodal weights u E p ðXÞ is the experimental displacement vector at the pressure step p interpolated to node n, and u FE p ðXÞ is the corresponding finite element displacement vector, solution of the forward elasticity problem. In the experiment, we left some remnant tissues around the ONH to prevent leakage during inflation. Consequently, the surface of the generic model of the peripapillary sclera ( Fig. 2(b) ) and the surface where the DIC displacements were measured were not coincident. However, the remnant tissues were significantly more compliant than the sclera, and we assumed that the displacements of the generic peripapillary model were identical to the DIC-measured displacements of the exposed surface of the remnant tissues. We verified that this was a reasonable assumption in Coudrillier et al. [14] , where we showed that the surface displacements of the generic peripapillary sclera differed from those of the remnant tissues by 3% on average. The maximum difference at any particular node was less than 10%. Therefore, we used the vertically projections of the DICmeasured displacements to describe the motion of the peripapillary sclera in the cost function.
Distributed Fiber Model.
To calculate u FE in Eq. (2), an accurate mathematical description of the mechanical behavior of the sclera is needed. We developed a constitutive model that idealizes the sclera as a planar network of collagen fibers, which are embedded in an isotropic matrix representing components such as elastin, proteoglycans, nonfibrillar collagens, and water. At a given point of the sclera, the mechanical properties are governed by the properties of the matrix and collagen fibers and the planar orientation distribution of the collagen fibers. In this model, we assumed that the properties of the collagen fibers and matrix are uniform across the sclera. Variations in mechanical properties across the sclera solely arise from variations in the collagen fiber structure, represented by D(U, X).
In continuum mechanics, the kinematics of the tissue is described by the deformation gradient, F, defined from the displacement vector u as: ðF ¼ 1 þ ð@uðXÞ=@XÞÞ. F maps a vector of the undeformed configuration to the corresponding vector in the deformed configuration. In the theory of hyperelasticity, the mechanical properties of the sclera are fully characterized by defining an appropriate strain energy function. Both the fiber and the matrix contribute to the mechanical properties of the sclera. We assumed that the collagen fibers and the matrix deform according to the macroscopic deformation gradient F (assumption of affine deformation). Therefore, the strain energy W can be additively decomposed into an isotropic matrix strain energy density that depends on the invariants of the Cauchy-Green tensor C ¼ F > F, and an anisotropic fiber strain energy density that depends on the distribution of collagen orientations [14, 17, 55] W sclera ðC; XÞ ¼ W matrix ðI 1 ðCÞ; I 2 ðCÞ; I 3 ðCÞÞ þ W aniso ðC; XÞ (3) where
2 À trðC 2 ÞÞ, and I 3 ¼ detðCÞ are the invariants of C.
Specifically, we described the mechanical behavior of the matrix phase using a nearly incompressible neo-Hookean model [14, 17, 55] W matrix ðI 1 ðCÞ;
where l is the shear modulus of the matrix and j is the bulk modulus. A large bulk modulus j ¼ 100 MPa was used for all specimen-specific models. This value was more than two orders of magnitude larger than the matrix shear modulus for all specimens, ensuring that volumetric deformation I 3 $ 1. The modified invariant
I 1 is the distortional part of I 1 . The anisotropic part of the strain energy density, W aniso , was modeled using a distributed fiber model and was formulated as the orientation average of the fiber strain energy density, weighted by the probability density function D(U, X) for the fiber orientation
where k f (U) represents the stretch of a fiber oriented in the e U -direction, which was calculated as:
The normalized X-ray scatter intensity from the WAXS measurements defined in Eq. (1) was used to locally define the probability density function D(U, X) and varied with location across the sclera.
To reproduce the nonlinear stress-strain response due to the uncrimping of the collagen fibers with stretch, the mechanical response of the collagen fiber was described by a two parameter exponential model:
where 4ab denotes the stiffness of the collagen fiber and b is a strain stiffening parameter. This model was implemented in the finite element code Tahoe, 1 where the integral formulation for the stress response was numerically evaluated using a 128-point trapezoidal rule. Following the theory of hyperelasticity, the Cauchy stress tensor was given as
where aðUÞ ¼ F:a 0 ðUÞ; a 0 ðUÞ ¼ cosðUÞe f þ sinðUÞe p ; e f is the preferred fiber orientation, e p is perpendicular to e f in the scleral plane, 1 is the identity matrix, and
In summary, the material parameters of the distributed fiber model were -the matrix stiffness l, uniform across the sclera -the fiber parameters a and b, where 4ab represents the axial stiffness of the fiber, uniform across the sclera -the experimentally measured local distribution of fiber D(U, X).
The optimization of C (Eq. (2)) was therefore reduced to a minimization problem in a three-dimensional space (l, a, b).
IFEA Algorithm
2.6.1 Sequential Algorithm. An IFEA was developed to calculate the values of the three material parameters from the inflation experiment. Inverse methods are usually computationally expensive and time-consuming, especially when the forward elastostatic is nonlinear. To reduce the number of calculations of the cost function, a multistep iterative search algorithm was developed to determine the values of the matrix shear modulus l, and the fiber parameters (a, b). A flow diagram representing the search algorithm is presented in Fig. 3 . The iterative search algorithm was implemented as a MATLAB script and the forward finite element problems were solved using Tahoe.
-In the first step, we made the assumption that the deformation response of the posterior sclera was nearly linear over the range of physiological strains ( 1.5%, Coudrillier et al. [18] ).
In a first approximation, we replaced the nonlinear model of the anisotropic part of the strain energy density function (Eq. (6)) by a single parameter linear strain energy density function to model the stress-strain response of the collagen fibers
where c is a measure of the stiffness provided by the fibers. The isotropic matrix response was left unchanged, described as a neo-Hookean material. A grid was created to discretize the (l, c)-space, with points every 25 kPa for l and every 200 kPa for c. The cost function in Eq. (2) was evaluated for every grid point to search for a mininum. This step provided a first estimate for the matrix modulus l 1 , which was used to narrow down the search interval in the following steps. This step was only used to speed up the convergence of the search algorithm, and l 1 was usually close but not equal to the final value of the matrix modulus.
-In the second step, we fit the parameters of the exponential model of Eq. (6) to the experimental displacements. We fixed the value of the matrix modulus to the result of the first step, l 1 , and evaluated the cost function for a coarse grid for the (a, b)-space, varying a by steps of 10 kPa and b by steps of 10. This yielded an initial estimate (a 2 , b 2 ) for the properties of the collagen fibers. -In the third step, we refined our initial estimate for the matrix shear modulus l by fixing (a, b) to (a 2 , b 2 ), and then searched for an optimum l 3 for l between the range of 15 and 600 kPa by steps of 15 kPa. -In the fourth step, the value of l was fixed to the optimum obtained in the previous step l 3 . We created a fine and specimen-specific discretization of the (a, b)-space. The grid was finer around the region of the minimum of the cost function. This step provided the final estimate for the fiber parameters (a 3 , b 3 ).
Finally, we checked that the parameters of the sequential algorithm provided a minimum by searching the full threedimensional parameter space centered about (l 3 , a 3 , b 3 ). We used the fine discretization of a and b from step 4 and discretized l between l 3 -75 kPa and l 3 þ 75 kPa by steps of 25 kPa. We found that the minimum of the cost function in the (l, a, b) space occurred for l ¼ l 3 ; i.e., step 3 provided an accurate estimate of the matrix modulus.
Validation of the Sequential Algorithm.
To validate that the 4-step sequential algorithm converged toward the global minimum and not a local minimum, we also mapped the cost function for a large, dense, full 3D parameter grid. Because this study was computationally expensive, we only used two specimens for validation. The parameter space examined was 0 a 200 kPa, 0 b 200, and 30 l 1000 kPa. The grid spacing was 25 kPa in l, 5 kPa in a, and 5 in b.
We next validated that the applied kinematic boundary conditions (Fig. 2) did not overconstrain the solution of the inverse method. We designed a finite element model that included a simplified description of the LC, which was described as nearly incompressible Neo-Hookean material, with shear modulus equal to a tenth of the matrix modulus of the sclera. The material properties of the sclera were (l, a, b) ¼ (225 kPa, 10 kPa, 100). The sclera and LC were pressurized from the inside, while DICmeasured displacements were applied to the nodes of the base as kinematic boundary conditions (Fig. 4(a) ). Nodal displacements of the scleral surface computed in the forward problem were registered as a synthetic experimental displacement field, and used as the target field in the inverse method. The inverse finite element model used the exact same mesh for the sclera, but did not include the LC. Instead, we applied the computed displacement fields of the forward problem as displacement boundary conditions to the nodes of the scleral canal (Fig. 4(b) ).
2.7 Effects of Age on the Mechanical Anisotropy (MA) of the Sclera. The parameters l and (a, b) are intrinsic material properties that describe the mechanical behavior of the isotropic matrix and the collagen fibers. The mechanical response of the scleral stroma is determined by the parameters of the constituent materials and the collagen fiber structure. The fiber alignment causes the mechanical properties of the tissue to be anisotropic, the stiffness along the preferred fiber direction is larger than that in the perpendicular direction because the tensile stiffness of a collagen fiber is much larger than the tensile stiffness of the matrix. We evaluated the MA at various locations of the sclera by comparing the stiffness in the preferred fiber direction to the stiffness in the perpendicular direction. We simulated biaxial deformation of a scleral patch containing a single WAXS measurement ( Fig. 5(a) ). The MA of a nonlinear material depends on the loading conditions and the strain levels at which it is calculated. We reported in a previous experimental study [18] that, on average in the peripapillary sclera, the Green-Lagrange strains were E p ¼ 1.9% in the meridional direction (perpendicular to the scleral canal) and E f ¼ 1.1% in the circumferential direction (parallel to the scleral canal). We applied those strains as boundary conditions (Fig. 5) and calculated the mechanical anisotropy as
where
is the fourth order stiffness tensor, C ffff and C pppp are the moduli along the fiber and perpendicular directions. Fazio et al. [24] recently calculated the inflation strain response of the peripapillary sclera and showed significant local shear deformation in this region. Therefore, the applied biaxial stretch in our micromechanical model may not represent the physiological loading of the peripapillary sclera. However, it is a useful measure to compare the effect of variation in collagen structure within a specimen. The average value of the MA was calculated in each quadrant (nasal/inferior, inferior/temporal, temporal/superior, superior/nasal) of the peripapillary sclera, region defined as the annulus of outer radius 2.5 mm centered on the ONH.
Statistical Analysis.
Linear regression models were used to evaluate the effects of age on matrix and fiber stiffness (l, a, b). For the degree of fiber alignment and MA, we collected 72 data point per specimen. Mixed linear models with spatial autocorrelation were used to evaluate the effects of age and peripapillary scleral region. For the degree of fiber alignment, a 2D exponential geometrically anisotropic autocorrelation structure was assumed for measurements from each specimen after examining the variogram and Akaike's information criteria. MA did not exhibit spatial correlation, and a compound symmetry correlation structure was assumed. The Tukey-Kramer method was used to adjust pairwise significance levels when comparing the effects of different scleral regions on fiber alignment and MA. Note that correlations between the right and left eye of FC77 were ignored.
In addition, we calculated the power of the models to find a statistically significant effect of age for each outcome using the correlation coefficient (or partial correlation coefficient) for the outcome and age to estimate the true effect. For models with repeat measurements, the observed intracluster correlation coefficient (ICC) assuming compound symmetry was used to obtain the effective sample size prior to calculating the power. All analyses were performed using SAS 9.2 (SAS Institute, Cary, NC). Figure  6 presents the results of the WAXS measurements for the fiber structure and the contour map of the degree of fiber alignment, locally defined as the ratio of the aligned scatter to the total scatter for FC53r. The polar plots for the other specimens are shown in the supplemental material (found on the Digital Collection under the "Supplemental Data" tab). Some dominant features of the collagen structure were present in all specimens. Those were (1) a ring of aligned circumferential fibers in the peripapillary sclera and (2) two symmetrical oblique features emerging from the temporal pole of the peripheral peripapillary sclera, and oriented toward the superior/nasal and nasal/inferior poles of the midposterior sclera ( Fig. 6(a), arrow) .
Results

Effects of Age on the Collagen Fiber Structure.
The average value of the degree of fiber alignment was calculated in each quadrant of the peripapillary sclera (Fig. 6(b) ). For all specimens, mean degree of fiber alignment was lowest in the superior/nasal quadrant and largest in the temporal/superior quadrant. Older age was associated with a lower degree of fiber alignment (p ¼ 0.01, Table 2 ). Figure 7 illustrates the relation between age and average degree of fiber alignment in the different quadrants of the peripapillary sclera.
Convergence of the Inverse Analysis
Effects of Nodal Weights in the Cost Function.
Nodal weights were added to the cost function defined in Eq. (2) to improve the sensitivity of the cost function to the fiber parameters (a, b). The nodal weights were proportional to the local degree of fiber alignment, and therefore the displacements of the peripapillary sclera were weighted more. The strains in this region were sufficiently high to exhibit the nonlinear stiffening response of the fibers. Figure 8 illustrates the effects of the nodal weights on the contour of the cost function. This method sharpened the global minimum of the cost function but did not change the location of the minimum. . Figures 9(a)-9(c) show the steps of the sequential algorithm from Fig. 3 for FC71r. Figure  9 (d) maps the cost function for the full parameter grid, 0.1 < a < 200 kPa, 0.1 < b < 150, and 30 < l < 1000 kPa. The grid spacing was 25 kPa for l, 5 kPa for a, and 5 for b. The results for the full parameter search returned the same results as for the sequential parameter search. With the sequential algorithm, we were able to obtain an accurate estimate of the global minimum after a few thousand cost function evaluations. In contrast, a minimum of 20,000 cost function evaluations were necessary to map the entire space using the global search algorithm. The sequential algorithm was used to find the global minimum for all specimens. The different steps of the search algorithm are reported in the supplemental material.
Validation of the Algorithm
We then validated that the applied kinematic boundary conditions did not overconstrain the solution of the IFEA. We used the forward surface displacement fields as a mock experimental displacement field, i.e., we replaced u E (X) in Eq. (2) with the surface nodal displacement field of the forward problem. The target scleral properties were (l, a, b) ¼ (225 kPa, 10 kPa, 100). The sequential algorithm returned the lowest cost function C ¼ 6:18 Â 10 À7 for (l, a, b) ¼ (222.5 kPa, 10.5 kPa, 99). The discrepancy between the target and converged parameters, 1% for l and 4% for ab, were likely caused by inaccuracies associated with applying surface displacements to all the nodes through the thickness of the scleral canal boundary. The difference between Fig. 4 (a) Finite element model used to validate that the applied kinematic boundary conditions did not overconstrain the solution of the IFEA. In this model, the LC was modeled as a neo-Hookean material, with shear modulus equal to a tenth of that of the sclera. (b) We used the same mesh for the sclera in the inverse method. Forward displacements were applied to the edges of the mesh (base and scleral canal).
the converged and target parameters decreased with increased mesh density in the peripapillary sclera.
Effects of Age on the Material Properties of the Matrix and Collagen
Fibers. The converged material parameters for the matrix and collagen fibers returned by the IFEA algorithm are presented in Table 3 . The contours of the model-predicted and DICmeasured displacement fields are illustrated in the supplemental material. The error of the fit, defined as the average nodal error between experimental and model predicted surface displacements, was low at every pressure step, less than 20%, because we prescribed the DIC displacements at the scleral canal and base of the mesh, which eliminated uncertainties associated with LC properties and constraints imposed by the holder.
The stress-strain responses in the fiber and perpendicular directions were evaluated by simulating an equibiaxial stress loading to 60 kPa (Fig. 10) . The calculations used the specimen-specific converged parameters for the matrix and fiber stiffness and a specimen-specific description of the orientation distribution D(U). To generate Fig. 10 , we fit a von Mises distribution function to the average normalized X-ray scatter intensity in the peripapillary sclera for D(U).
The results of the univariate models for the material properties of the matrix and collagen fibers with age as the explanatory variable are presented in Table 4 . Older age was predictive of a larger matrix stiffness l (p ¼ 0.001, Fig. 11(a) ). Older age was not associated with significant change in fiber stiffness 4ab for normals (p ¼ 0.68, Fig. 11(b) ).
Effects of
Age on the MA of the Sclera. In this section, we evaluate how the age-related changes in the degree of fiber alignment and material properties combine to affect the MA of scleral tissue defined in Eq. (9) . Figure 12 maps the MA for each WAXS measurement of FC77r. The maps of MA for the other specimens are available under "Supplemental Data" tab for this paper on the ASME Digital Collection. As expected, the MA was highly correlated with the degree of fiber alignment (p < 0.0001). MA in the peripapillary sclera followed the regional pattern of the degree of fiber alignment, being largest in the temporal/superior quadrant and lowest in superior/nasal quadrant. Older age was associated with a lower MA (p ¼ 0.03, Table 5 and Fig. 13 ).
3.5 Power Analyses. We calculated the statistical power of the models to detect significant age effects for the fiber alignment, matrix and fiber stiffness, and MA. As shown in Table 6 , the sample size of this study was sufficiently large to detect significant age-related effects for matrix stiffness, degree of fiber alignment, and MA (power > 0.80). However, we would need considerably more specimens to confidently estimate the effects of age on the fiber stiffness.
Discussion
In this study, we determined the age-dependent material properties of seven human scleras from the IFEA of inflation tested specimens. The finite element models used specimen-specific descriptions of the collagen fiber structure provided by WAXS measurements to model the anisotropic stress response of the tissue. The model assumed that spatial variations in the material properties were caused by changes in the collagen structure, specifically in the preferred fiber orientation and degree of alignment. The remaining three parameters described the material properties of the collagen fibers and matrix material. We were able to accurately fit the experimental displacement fields of the inflation tested specimens with only three material parameters and the WAXS-measured spatially varying collagen fiber structure. The principal findings of this work were that older age was associated with a significant decrease in the degree of collagen fiber alignment in the peripapillary sclera (p ¼ 0.01), a significant increase in the matrix stiffness (p ¼ 0.001), and a significant decrease in MA (p ¼ 0.03).
The degree of fiber alignment represents the relative number of collagen fibers oriented in the preferred fiber direction compared to the fibers randomly oriented. In the peripapillary sclera, the collagen fibers are preferentially aligned in the circumferential direction. The age-related decrease in degree of fiber alignment indicates that the collagen fiber structure becomes more random in the aging sclera; i.e., the relative number of circumferentially aligned fibers is lower in older scleras.
The observed age-related stiffening of scleral tissue is consistent with our recent experimental work including 35 normal specimens [18] . In this study, we calculated the strain fields from the DIC-measured displacements and stresses modeling the midposterior sclera as a thin ellipsoid shell subjected to an internal pressure. We showed that the meridional and circumferential strains at 22 mm Hg were significantly lower in older specimens. In addition, the stresses and strains were related through a constitutive model, which assumed the presence of two unidirectional fiber families oriented in the circumferential and meridional directions. Fig. 5 (a) Representation of the single element used to calculate the MA. The fiber structure was described using a single WAXS measurement. A biaxial stretch corresponding to the average strain measured in Coudrillier et al. [18] was applied on the e f and e p faces. (b) Representation of the Green-Lagrange strain/Cauchy stress response. The MA was calculated using Eq. (9).
We showed that the stiffness of the circumferential fiber family was larger in older eyes. In the present study, we propose a more detailed constitutive model and consider the contribution of the matrix and dispersed collagen fibers to the tissue stress response.
Because of the lower number of specimens included in this study (7 out of the 35), the age-related variations in fiber stiffness were not significant. Interestingly, the matrix stiffness demonstrated a significant age-related increase, with a 2.2-fold increase in shear Fig. 6 (a) A composite polar plot showing the preferred orientations of aligned collagen fibers for the specimen FC53r. The color scale conveys the degree of fiber alignment. FC53r was representative of the other specimens, showing a strong circumferential fiber alignment in the peripapillary sclera, a much more isotropic midposterior sclera, and two symmetrical oblique features emerging from the temporal pole of the peripheral peripapillary sclera, indicated with arrows. (b) Contour map of calculated degree of fiber alignment, defined as the ratio of the aligned scatter to the total scatter as shown in Fig. 1 . The degree of fiber alignment was largest in the temporal/superior quadrant and lowest in the superior/nasal quadrant of the peripapillary sclera. Fig. 7 Degree of fiber alignment averaged over each quadrant. Age was associated with a significant decrease in mean degree of fiber alignment (p 5 0.01).
modulus between age 53 and 91. Age-related stiffening in collagen-rich tissue is commonly attributed to the accumulation of nonenzymatic glycation type cross-links of collagen fibrils with age [2] . Therefore, we expected to observe greater age-related effects in the fiber stiffness rather than in the matrix stiffness. Our findings suggest that age-related remodeling may also occur in the matrix. The stiffening of the matrix may be attributed to an agerelated decrease in the proteoglycan composition [15] that was Fig. 8 (a) Contour of the cost function in the (l, c)-space with w n 5 1 for each node (Eq. (2)). (b) Contour of the cost function in the (l, c)-space with w n chosen to reflect the degree of anisotropy of the closest WAXS measurement. The weights are represented in the figure on the bottom left. The contribution of the nodes of the peripapillary sclera to the cost function was larger than those of the midposterior sclera. The cost function is represented between its minimum value m and 1.1 m. Fig. 9 (a) Step 1, (b) step 3, and (c) step 4 of the sequential algorithm as shown in Fig. 3 and explained in Sec. 2.6. (d) Map of cost function for a dense 3D grid. We evaluated 21,519 combinations of material parameters (a, b, l), with 0 < a < 200 kPa, 0 < b < 150, and 30 < l < 1000 kPa. Although hard to see in this figure, the global search algorithm confirmed that the restriction for l obtained in our sequential algorithm was accurate.
found to be coincident with a decrease in tissue hydration [56] . Other matrix proteins such as elastin or glycoprotein may also be degraded or synthesized with age. Further experimental studies quantifying changes in the composition of scleral extracellular matrix with age, and numerical studies evaluating the contribution of the different proteins to the matrix stiffness are needed.
We found that the mechanical anisotropy, similarly to the degree of fiber alignment, was significantly lower in older scleras. The mechanical anisotropy depends on both the collagen fiber structure and the material properties of the collagen fibers and matrix. The dependence of the mechanical anisotropy on the matrix and fiber stiffness is complex because of the nonlinear material behavior. However, our finding suggests that the decreased fiber alignment is the principal factor determining mechanical anisotropy. This age-related decrease in mechanical anisotropy would decrease the ability of the sclera to shield the ONH against excessive tensile deformation and may explain the increased susceptibility of the older eye to glaucoma. The mechanical anisotropy was defined as the ratio of the material tangent modulus in the fiber direction to that in the perpendicular direction under biaxial stretch state. The applied stretch corresponded to the average circumferential and meridional strains measured in the peripapillary sclera at 22.5 mm Hg in 35 specimens [18] . The mechanical anisotropy depends on the deformation state and pressure loading conditions. To verify that our conclusions held under different loading conditions, we also calculated the MA in an equibiaxial stress simulation to 21 kPa, which corresponds to the hoop stress in a thin-walled sphere of radius 12.5 mm and thickness 1.2 mm at a pressure of 30 mm Hg (r ¼ pR=2t). We found that it also significantly decreased with age (results not shown). Our calculation did not consider the presence of shear strains, which may be significant as shown by Fazio et al. [24] .
Several limitations should be considered when interpreting the results of this study. First, our conclusions were drawn from a relatively low sample size (7 specimens). Our access to the Diamond Light Source, where we performed the WAXS measurements was limited to a few days, which limited the number of specimens that we could analyze. However, the power analyses revealed that the sample size was large enough to detect significant age-related effects in matrix stiffness, degree of fiber alignment, and mechanical anisotropy. We observed significant variability in the measure of the fiber stiffness. However, this type of variability has commonly been observed in human scleral tissue and the stiffness values reported in the present study are consistent with those from recent mechanical characterizations of the human sclera. Using biaxial experiments on human scleral strip specimens, Eilaghi et al. [57] reported measures of stiffness between 0.5 MPa and 7.5 MPa. A recent uniaxial mechanical characterization of the sclera using uniaxial strip tests reported values of toe moduli varying between 1 kPa and 95 kPa, and heel moduli varying between 0.5 MPa and 13 MPa [58] . One could argue that the variability observed in those experiments cannot be compared to that observed in the present study because of the differences in experimental protocol. However, Grytz et al. [52] subjected scleral specimens to inflation testing and calculated matrix and fiber stiffness using an inverse method. This comparable study reported Fig. 10 Stress-strain curves in the fiber (a) and perpendicular (b) directions obtained from an equibiaxial stress to 60 kPa, corresponding to the hoop stress in a thin-walled sphere of radius 12 mm and thickness 1.2 mm at a pressure of 90 mm Hg. The fiber structure was represented by a von Mises function, which was fit to the specimen-specific averaged fiber distribution in the peripapillary sclera. Table 2 Results of the multivariate model with spatial autocorrelation for the degree of fiber alignment in the peripapillary sclera with age and peripapillary scleral quadrant as explanatory variables. The variogram for the degree of fiber alignment increases and then levels off as distance between 2 measurements of a same specimen increases, indicating spatial autocorrelation. S stands for superior, N for nasal, I for inferior, and T for temporal. Observed mean degree of fiber alignment was 0.512 6 0.06 in the NI, 0.509 6 0.06 in the IT, 0.577 6 0.07 in the TS, and 0.404 6 0.05 in the SN. matrix stiffness between 110 kPa and 820 kPa. The authors applied a different constitutive model to represent the collagen fiber response. However, they observed a similar variability in the material parameters related to the fiber response, which varied by more than an order of magnitude between the most compliant and the stiffest specimens. Second, we assumed that the only cause of spatial variations in scleral mechanical properties was the variations in the collagen fiber structure. The mechanical behavior of the matrix and the fibers were identical in the peripapillary sclera and midposterior sclera. In this model, the matrix included the elastin fibers, which were assumed to be randomly oriented. Although this is probably a valid description in the midposterior sclera, Hernandez et al. [59] showed that the elastin fibers of the LC insertion zone of the peripapillary sclera are circumferentially oriented, providing further mechanical reinforcement. In addition, elastin content is larger around the ONH than in the midposterior sclera. Separating the contribution of the elastin fibers from the matrix would require to add a term to the strain energy density (Eq. (3)) dependent on a structure tensor describing the orientation of the elastin fibers. This would increase the number of parameters to be estimated and therefore the computational cost of the inverse method. Quigley et al. [60] showed that the average collagen fiber diameter is smaller in the peripapillary sclera than in the midposterior sclera. Different fiber material properties could have been assigned to different regions of the midposterior sclera. But this would also have increased the number of parameters to optimize. With only 3 material parameters and the experimentally determined fiber structure, the model was able to accurately reproduce the experimental displacements.
Degree of fiber alignment
Third, it should be remembered that our WAXS method yields thickness-averaged data. This method is very robust in regions where the fiber alignment is unidirectional, which includes the peripapillary region. However, the method becomes less robust in regions where there is a mixture of uni-and biaxial dominant orientations [61] . In addition, Pijanka et al. [12] carried out multiphoton microscopy to show that the circumferential alignment of the fibers in the peripapillary sclera is limited to the mid-to-outer 2/3 of the sclera and does not extend through the full thickness of the tissue. WAXS cannot reveal depth-dependent information, nor can it detect collagen fibers that do not lie in the plane of the sclera. In these respects, WAXS presents a highly quantitative yet simplified view of the full tissue architecture. Recently, Petsche and Pinsky [62] modeled the 3D organization of the corneal stroma fiber structure by introducing a 3D distribution function. 9) for FC77r. The MA was largest in the temporal/superior quadrant of the peripapillary sclera and lowest in the superior/nasal quadrant of the peripapillary sclera. Table 5 Results of the multivariate model with spatial autocorrelation for the MA in the peripapillary sclera with age and peripapillary scleral quadrant as explanatory variables. Since MA did not exhibit spatial correlation, a compound symmetry correlation structure was assumed. S stands for superior, N for nasal, I for inferior, and T for temporal. Observed mean degree of fiber alignment was 1.220 6 0.77 in the NI, 1.187 6 0.80 in the IT, 1.408 6 0.89 in the TS, and 1.050 6 0.64 in the SN. The spatial distribution of fibers was calibrated to out-of-plane shear measurements that are not available for scleral tissue. However, the effects of out-of-plane fibers on the inflation response of the cornea were minimal. The effects of out-of-plane fibers on the inflation response of the midposterior sclera are likely to be minimal as well. However, the physiological loading conditions in the ONH region are complex, with significant shear deformation. It would be interesting to evaluate the effects of out-of-plane fibers in the peripapillary sclera on scleral and ONH mechanics. We did not flatten the scleras to perform the WAXS experiment. Therefore, there is a mismatch between the X-ray beam direction and the normal to the scleral tissue, increasing with radial distance to the ONH. The effective tissue thickness presented to the X-ray beam is increasingly elevated by the curvature, with a proportional increase in total (i.e., isotropic and aligned) X-ray scatter, which increases the size of the polar vector plots. The estimated increase in the total scatter caused by scleral curvature was calculated to be < 2% in the peripapillary region, increasing to $ 17% at the specimen periphery (based on a posterior scleral radius of curvature of 12 mm). For the small 0.2 mm beam size and dominant planar orientation of the collagen fibers, the specimen curvature would have little effect on the angular distribution of the collagen fibers and the degree of fiber alignment, which is averaged through the thickness. Moreover, the statistical analyses for age were performed for the MA and degree of fiber alignment in the peripapillary region, where the effect of curvature was small. The dominant fiber direction may not be accurate far from the peripapillary region, but the degree of fiber alignment in this region was low and has little effect on deformation response [14] . Fourth, we used an idealized model geometry for the peripapillary sclera that was similar for the seven specimens. This differed from the approach presented in our recent work [14] , where the IFEA model did not include the peripapillary sclera. With the previous method, the sensitivity of the cost function to the collagen fiber parameters was low due to the linearity of the experimental stress-strain curve in the midposterior sclera. Since the peripapillary sclera is a region of relatively large strains and fiber alignment, we added this region to improve the convergence of the inverse method. In addition, we weighted the nodal displacements of the peripapillary sclera according to the degree of fiber alignment to increase the contribution of the most nonlinear regions to the cost function. This method helped sharpen the global minimum of the cost function, but did not significantly alter the results of the inverse analysis. The idealized geometry of the peripapillary sclera was based on the averaged measurements of Ren et al. [47] , Norman et al. [48] , and Vurgese et al. [49] . This most likely Fig. 13 Average MA in each quadrant of the peripapillary sclera plotted versus age Table 6 Statistical power of the models to find statistically significant age effects for the different outcomes of this study. did not represent the specific geometry of each specimen and may have influenced the obtained material parameters and the magnitude of the ONH deformation. Furthermore, the positions of the DIC displacement measurements did not coincide with the positions of the idealized finite element model of the peripapillary sclera. We assumed that the stiffness of the remnant tissues was much lower than that of the sclera and therefore the remnant tissues followed the displacements of the underlying sclera. We verified that this was a reasonable assumption in Coudrillier et al. [14] . Fifth, we used DIC to measure the surface displacements of the scleral. We have extensively discussed the limitations of the DIC method in our previous experimental studies [18, 42] . We and others have showed that the out-of-plane uncertainty in displacement calculation was around 10-15 lm [18, 44, 43] . We expect the experimental uncertainty in displacements to have little effects on the values of the material parameters, because our global optimizer minimized the averaged error between DIC-measured and model-predicted displacements over the entire surface and not the local nodal error. Other recent scleral mechanics studies have utilized laser speckle interferometer (ESPI) to measure surface displacement [17, 24, 25, 51] . ESPI was shown to have an unmatched 16 nm accuracy in displacement calculation [63] . Using ESPI, Girard et al. [17] in monkeys and Fazio et al. [24] in humans detected an age-related stiffening of scleral tissue, which is consistent with what we observed using DIC [18] . A similar inverse finite element optimization method was applied to match ESPImeasured displacement fields obtained in an inflation test to model-predicted displacement fields and calculate the anisotropic hyperelastic material properties of the monkey [17, 51] and human [22, 52] sclera. Although ESPI has a noticeably better displacement resolution than DIC, the quality of the fit in our study is comparable to if not improved over those studies. In addition, the resolution in displacement calculation in our method may be lower because we did not use the inverse method to infer the collagen fiber structure of the sclera from the inflation test. Instead, we directly measured it using WAXS and incorporated this information into our finite element model. Tang and Liu [64] and Morris et al. [65] recently proposed an alternative method to DIC and ESPI to measure the strain response of scleral tissue using ultrasound imaging. In contrast to ESPI and DIC, which can only measure surface deformation, ultrasound imaging can measure the full 3D strain tensor. However, this method has not yet been combined with an IFEA to determine material properties of scleral tissue.
Mechanical anisotropy
Outcome
In summary, the mechanical behavior and collagen fiber structure of seven human scleras of age 53-91 were characterized. Older age was predictive of a significantly lower degree of fiber alignment and lower mechanical anisotropy in the peripapillary sclera, as well as a significantly larger matrix stiffness. Agerelated variations in scleral mechanical behavior may also be associated with susceptibility to glaucomatous damage. In future work, the methods presented in this study will be applied to evaluate how glaucoma-induced variations in the collagen and matrix properties and anisotropic collagen structure may affect the mechanical response of the ONH.
